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ABSTRACT 

This report presents an analysis of the externally pressurized 

combined journal thrust bearing where the flow from the journal 

bearing feeds a double acting, annular thrust bearing. The analysis 

assumes a large number of feeder holes such that the two journal 

bearing feeding planes are treated as line sources. Furthermore, 

small displacements are assumed. The solution obtains results 

for flow, radial and axial stiffness and dynamic angular stiffness 
and dlmpingl 211 for +he rnncentr i c  Journal position. Two computer 

programs have been written and instructions for their use are in- 

cluded in the appendicies. 

Two numerical examples are performed and the results are presented 

graphically. 
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INTRODUCTION 

I n  t h e  a p p l i c a t i o n  of t he  e x t e r n a l l y  pressur ized  bear ing  i t  f r e -  

quent ly  happens t h a t  both a j ou rna l  and a t h r u s t  bear ing  i s  re- 

qui red .  

such t h a t  t h e  flow l eav ing  the  jou rna l  bear ing  feeds t h e  t h r u s t  

bea r ing  thereby reducing the  t o t a l  flow consumption. No loss i n  

s t i f f n e s s  or load is n e c e s s a r i l y  encountered i f  t h e  supply p re s su re  

is  inc reased  t o  compensate f o r  t h e  r e l a t i v e  reduct ion  of p re s su re  

drop available to each hear ing ,  For a gyro gimbal axis bear ing  

c h i s  f e a t u r e  is ubviuusly  des i - i i i b l~ .  E e i i i e ,  there is i i ~ . ~ c !  to 

e s t a b l i s h  an ana lys i s  f o r  p r e d i c t i n g  the  performance of t he  com- 

bined bear ing  and f o r  s e l e c t i n g  the  optimum bear ing  and o r i f i c e  

dimensions. This i s  the  purpose of the p re sen t  r e p o r t .  

Then it may be advantageous t o  combine the  two bear ings 

The combined bear ing  c o n s i s t s  of a journa l  bear ing  fed  through o r i f i c e  

o r  M i l l i p o r e  r e s t r i c t e d  feeding holes  i n  two symmetrically loca t ed  

feeding p laces .  A t  each end of t he  journa l  bear ing  i s  an  annular  

t h r u s t  bear ing  wi th  an annular  pocket c l o s e s t  t o  t h e  jou rna l  bear ing.  

It is  wanted t o  c a l c u l a t e  t he  load,  the  flow, t h e  s t i f f n e s s  and t h e  

angular  s t i f f n e s s  of t he  combined bear ing and t h e  e f f e c t  of t h e  var ious  

bear ing  dimensions such as r a d i a l  and a x i a l  c learance ,  pocket dimen- 

s i o n s ,  e t c .  An exac t  a n a l y s i s  i s  p r o h i b i t i v e  p r imar i ly  due t o  t h e  

d i f f i c u l t i e s  i n  an accu ra t e  f eede r  hole  r e p r e s e n t a t i o n  and t h e  circum- 

f e r e n t i a l  v a r i a t i o n  of t h e  j o u r n a l  bear ing f i lm  th ickness .  Furthermore, 

from a design viewpoint a s i m p l i f i e d  ana lys i s  which p rope r ly  accounts f o r  

t h e  e s s e n t i a l  parameters may be of more va lue  than an exac t ,  bu t  complex 

and t i m e  consuming s o l u t i o n .  The presented ana lys i s  assumes t h a t  t h e  

number of feeder  ho les  is s u f f i c i e n t l y  l a r g e  t h a t  t h e  feeding  p lanes  be- 

come l i n e  sources .  I n  a d d i t i o n  i t  i s  assumed t h a t  both r a d i a l  and a x i a l  

displacements a r e  smal l  i n  comparison with t h e  c learances  o r ,  i n  o t h e r  

words, t h e  s o l u t i o n  gives  t h e  s t i f f n e s s  f o r  t h e  concen t r i c  p o s i t i o n .  The 

c a l c u l a t i o n  of t he  angular  s t i f f n e s s  includes t h e  e f f e c t  of frequency upon 

the  s t i f f n e s s  and t h e  damping f o r  u s e  i n  a v i b r a t o r y  response i n v e s t i g a t i o n .  



The analysis has been programmed for computer calculation. 

programs are written: one for the static stiffness and flow and one 

for the dynamic angular stiffness and damping. Instructions for use 
of the programs and data input forms are given in appendicies. Two 

numerical examples have been calculated: one for the static stiffness 

and flow as a function of bearing dimensions for the NASA AB-5 Millipore 

bearing and one for the dynamic angular stiffness, damping and resonant 

frequency of the NASA AB-3 Millipore bearing. 

results indicates that the analysis predicts tm large a stiffness, but 

caicuiates the f i v w  accurateiy. Furthermore, quaiitativeiy tne resuics 

are reasonable and hence, should be valid for design selection. 

Two 

Comparison with test 



. 
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DISCUSSION 



DISCUSS I O N  

The p resen t  a n a l y s i s  follows t h e  methods developed by MTI under 

a previous c o n t r a c t  w i th  NASA (Reference 1). Two s impl i fy ing  

assumptions are:  a )  l i n e  source  feeding rep laces  l o c a l i z e d  source 

feeding,  and b) displacements a r e  s m a l l .  

The f i r s t  assumption allows t h e  bearing t o  be solved independently 

of t h e  f eede r  c h a r a c t e r i s t i c  and t h e  second assumption l i n e a r i z e s  

the equat ions involved. P r m  a - - - - & - -  pLCLLLLa l  p o i n t  of view, t h i s  

method ensures  a minimum of e s s e n t i a l  parameters and s h o r t  t i m e  

and low c o s t  f o r  ob ta in ing  r e s u l t s .  The d a t a  a r e  i n  a form which 

adapts  i t s e l f  r e a d i l y  t o  c l e a r  and e a s i l y  i n t e r p r e t e d  design c h a r t s .  

This is  of importance when a bear ing  design has t o  be s e l e c t e d .  

It i s  p o s s i b l e  t o  ob ta in  a more accura te  s o l u t i o n ,  a t  l e a s t  i n  

p r i n c i p l e ,  where t h e  gas i s  f ed  a t  d i s c r e t e  po in t s  and t h e  s t a t i c  

displacement is f i n i t e  (see Refs. 2 and 3). Such an a n a l y s i s  i s  

cons iderably  more complicated and requi res  a l a r g e r  number of para-  

meters .  Therefore ,  each design poin t  must be c a l c u l a t e d  s e p a r a t e l y  

which i s  both time consuming and cos t ly .  A comprehensive under- 

s t and ing  of parameter changes and t h e i r  r e l a t i v e  importance is no t  

r e a d i l y  acqui red  and t h e  e f f o r t  involved i n  t h e  t h e o r e t i c a l  s tudy  

may approach the  e f f o r t  spent  i n  a corresponding test  program. 

As a f i r s t  s t e p  i n  e s t a b l i s h i n g  an ana lys i s  f o r  t h e  bea r ing  conf ig-  

u r a t i o n  under s tudy  an ana lys i s  a s  complex a s  the  one j u s t  o u t l i n e d  

does no t  seem j u s t i f i e d  a t  present .  Furthermore, t h e  given conf ig-  

u r a t i o n  i s  r a t h e r  s p e c i a l  and should awai t  a r e f i n e d  t h e o r e t i c a l  i n -  

v e s t i g a t i o n  u n t i l  more experience has been obtained on s impler  and more 

genera l  geometries.  There a r e  even ind ica t ions  t h a t  i t  may be poss ib l e  

t o  e s t a b l i s h  a form of equivalence between l i n e  source  and po in t  source 

feeding  i n  which case  t h e  accuracy of t h e  p re sen t  a n a l y s i s  could be 

improved without  d r a s t i c  changes. 



The a n a l y s i s  i s  divided i n t o  two par ts :  one f o r  t he  r a d i a l  and 

a x i a l  s t a t i c  s t i f f n e s s e s  and one f o r  t h e  dynamic angular  s t i f f n e s s .  

The f i r s t  p a r t  i s  intended pr imar i ly  f o r  design s e l e c t i o n  and 

opt imiza t ion  whereas t h e  second p a r t  i s  undertaken t o  ensure t h a t  

t he  combined j o u r n a l - t h r u s t  bear ing  does not  have an inhe ren t  l o s s  

i n  angular  s t i f f n e s s .  Subsequent comparisons wi th  t e s t  r e s u l t s  

have shown t h a t  t h e  c a l c u l a t e d  s t i f f n e s s e s  may be a s  much a s  50% 

l a r g e r  than  t h e  measured va lues .  This discrepancy i s  p r imar i ly  

caused by the assumption of l i ne  source feeding a s  d iscussed  b r i e f l y  

i n  Ref. 2. me caicuiateci Fivw arid axial stiffiiess sgices ~ ~ 1 1  

with  experimental  da ta .  It should be noted t h a t  once t h e  c o r r e c t  

flow is  obtained the  c a l c u l a t e d  a x i a l  s t i f f n e s s  should be c l o s e  t o  

t h e  measured va lue  s i n c e  no feeding  takes  p l ace  i n s i d e  the  t h r u s t  

bear ing .  

-. 
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The a n a l y s i s  i s  covered by two computer programs: 

1. PN0109: S t i f f n e s s  and Flow of t h e  Hydrostat ic  Combined 

J o u r n a l  -Thrus t Bearing. 

2. PN0135: Angular Dynamic S t i f f n e s s  of t h e  Hydrostat ic  

Combined Journal-Thrust Bearing. 

The i n s t r u c t i o n s  f o r  u s ing  t h e  programs and i n t e r p r e t a t i n g  t h e  output  

r e s u l t s  are given i n  Appendix k and Appendix B. Input  forms are a l s o  

included. The analyzed bear ing geometry i s  shown i n  Figure 1. It 

should be noted t h a t  i n  c a l c u l a t i n g  the s t a t i c  s t i f f n e s s  (PN0109) 

t h e  t h r u s t  bear ing pocket i s  assumed t o  be  so deep t h a t  t h e  p re s su re  

i s  cons t an t  i n  t h e  pocket. This assumption i s  not  made i n  c a l c u l a t i n g  

t h e  dynamic angular  s t i f f n e s s  (PN0135). 

The computer r e s u l t s  from PN0109 may be given i n  a c t u a l  dimenions 

(i.e. l b s / i n ,  ccm/min. e tc) ,  i f  s o  des i r ed .  PN0135, on t h e  o t h e r  

hand, gives  only dimensionless r e s u l t s .  The conversion t o  a c t u a l  

dimensions i s  descr ibed i n  Appendix B. 

1st Numerical Example: S t a t i c  s t i f f n e s s  and flow of NASA AB-5 M i l l i p o r e  

Bearing. Re fe r r ing  t o  Fig.  1 t h e  bear ing dimensions are: 

L = 1.977 inch 

L1 = 1.253 inch 

D = 2.1625 inch 

R2 = .65 inch 

N = 48 

The r a d i a l  c l ea rance  C ,  t h e  a x i a l  c learance C 

r ad ius  R are t r e a t e d  as v a r i a b l e s  i n  order  t o  select  t h e  optimum 

va lues .  

and t h e  i n n e r  pocket 
T 

1 
The gas i s  a i r  a t  70°F, i .e. 

2 v i s c o s i t y ,  p = 2.83 lo-' l b s - s e c / i n  

(gas cons t an t )  . ( t o t a l  temperature) ,& T = 342,500 i n .  



The M i l l i p o r e  c o e f f i c i e n t s  are as given f o r  NASA A B - 5 ,  Sleeve 4,  

Appendix A ,  Page 31. 

i n  Figs .  2 t o  8 f o r  r a d i a l  c l ea rance  values of .25 t o  1.25-10-3 inch 

a l s o  f o r  t h r e e  values  of t h e  clearance r a t i o  C / C  and f o r  t h r e e  

supply p re s su res .  Three values of t h e  i n n e r  pocket r ad ius  are used, 

i.e. R1 = .76, .86 and .96 inch. The d e t a i l e d  c a l c u l a t i o n s  are only 

given f o r  R = .86 i.e. Figs .  2-7, but t h e  v a r i a t i o n  with R i s  

summarized i n  Fig. 8 f o r  equal r a d i a l  and t a n g e n t i a l  s t i f f n e s s  f o r  

t h e  optimum condi t ion.  

The c a l c u l a t e d  r e s u l t s  are shown g raph ica l ly  

T 

1 1 

2nd Numerical Exaffiple: Dyniiinic Aiigrr lar S t i f f n e s s  and Ea~pFng of 

NASA A B - 3  M i l l i p o r e  bearing. The bearing dimensions a re  (Fig. 1): 

L = 1.183 inch 

L1 = .783 inch 

D = 1.422 inch 

R1 = .585 inch 

R2 = .425 inch 

C = .00071 inch 

CT = .00082 i nch  

CH = .00107 inch 

N = 48 

The M i l l i p o r e  c o e f f i c i e n t s  are as given f o r  NASA A B - 3 ,  Appendix A ,  

page 31. The gas i s  a i r  a t  70 F and the ambient p re s su re  i s  14.7 

p s i a .  Three supnly p re s su re  values  are  considered: 

10 and 15 ps ig .  

0 

= Ps - Pa = 5, 

The angular  s t i f f n e s s  and damping are c a l c u l a t e d  f o r  t h r e e  v i b r a t o r y  

frequencies:  3.45,  250 and 500 CPS t o  e v a l u a t e  t h e  e f f e c t  of gas 

compress ib i l i t y  due t o  frequency. These r e s u l t s  are then  used t o  com- 

pu te  t h e  corresponding resonant  frequency: 

where 
N, = Resonant frequency, CPS 

Ka = 
angular  s t i f f n e s s ,  l b s - i d r a d .  

Ba = 
angular  damping, l b s - in - sec / r ad .  
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B = critical damping = 2 fz lbs-in-sec/rad 
a T, 2 C 

= transverse mass moment of inertia, lbs-in-sec IT 

and the log decrement 6: 

where x 

same side. The transverse mass moment of inertia is I = .477 g-cm-sec . 
The results are summarized in a table: 

and x2 are the values of two successive amplitudes to the 
2 

1 

T 

Angular Stiffness and Resonance of A B - 3  

Millipore Bearing 

Radial Axial Angular Angular Ba Log x1 Reson. 
A€' Flow Stiffn. Stiffn. Freq. Stiffn. Damping (g) Decr. - Freq. 

psig wh/h;l, k~/~,,, I(?/-,,, . CPS &p-cm/d  k p m - s e ~ k -  6 x2 CPS C 

3.45 397 .618 .698 6.11 45 104 
5 358 5,330 2,680 250 515 .45 .451 3.18 24 148 

500 705 .354 .304 2.05 7.8 185 

3.45 925 -601 .454 3.20 25 198 
10 860 11,800 6,150 250 1,025 .44 .315 2.08 8.0 221 

.228 1.47 4,25 245 500 1,190 .345 

3.45 1,600 .59 .334 2.23 9.3 273 
15 1545 19,200 10,450 250 1,680 .426 .239 1.54 4.7 289 

500 1,820 .332 .178 1.14 3.15 306 

Comparison with test results shows that the calculated stiffness is up to 

50 percent larger than the measured value. Hence, the resonant frequency 

is also too high but fair agreement is obtained with the calculated log 
decrement. Furthermore, the qualitative trend predicted by the analysis 

agrees with the experimental data. 
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A comparison between t h e  combined jou rna l - th rus t  bear ing  and the  

bear ing ,  where jou rna l  and t h r u s t  bear ing a r e  s e p a r a t e l y  fed ,  has 

been made on t h e  b a s i s  of angular  s t i f f n e s s .  For t h e  same flow the  

combined bear ing  has a h igher  angular  s t i f f n e s s .  The reason i s  t h a t  

f o r  t h e  s m a l l  opera t ing  flows t h e  sepa ra t e ly  f ed  t h r u s t  bear ing  i s  

very i n e f f e c t i v e  f o r  angular  displacement whereas i n  the  combined 

bear ing  t h e  t h r u s t  bear ing  becomes p a r t l y  an ex tens ion  of t h e  jou rna l  

bear ing .  

nf,..l A' A L r a A L y  l - -  an a p " , ~ ~ ~ ~ ~ t ~  s t a b i l i t y  t s l c a l a t i e n  h=s beer? p e r f a n e d  

Since  t h e  p re sen t  ana lys i s  does not  take t h e  dynamic r a d i a i  and 

a x i a l  s t i f f n e s s  

dynamic jou rna l  load i n  Reference 1. The c r i t e r i o n  f o r  i n s t a b i l i t y  

i s  t h a t  e i t h e r  t h e  damping o r  t h e  s t i f f n e s s  becomes negat ive.  The 

c a l c u l a t i o n  assumes t h a t  OP i s  kept  constant  while  t h e  ambient 

p re s su re  i s  reduced u n t i l  i n s t a b i l i t y  occurs. For the  above AB-3  

conf igu ra t ion  the  fol lowing r e s u l t s  a r e  obta ined  

i n t o  account u s e  is  made of t he  ana lys i s  of t h e  

LIP Ambient P res su re  f o r  I n s t a b i l i t y  
p s i n  ps i a  

5 
10 
15 

4.0 
6 . 8  
9.1 
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. .  

ANALYSIS 

The bear ing geometry i s  shown i n  Figure 1. The bear ing c o n s i s t s  

of a j o u r n a l  bear ing f e d  from two feeding planes,  each with 1 / 2  N 
e q u i d i s t a n t  r e s t r i c t e d  feeding holes  around t h e  circumference. 

The flow from t h e  j o u r n a l  bear ing feeds t h e  two end t h r u s t  bear ings.  

The t h r u s t  bear ing i s  a n  annulus with a c i r cumfe ren t i a l  s t e p  such 

t h a t  t h e  o u t e r  p a r t  forms a pocket whereas t h e  inne r  p a r t  serves 

as a seal. 

The supply p re s su re  i s  denoted P the downstream p res su re  from 

t h e  feeding ho le  i s  P The gas 

f i l m  th i ckness  i s  h. Then the  pressure i n  t h e  gas f i l m  i s  des- 

c r i b e d  by Reynolds Equation (Ref.1): 

S '  

and t h e  ambient p re s su re  i s  Pa. i 

3 x2 3 JP2 3 (Ph) 
(1) j o u r n a l  bearing: &[h de ] + &[ h d~ ] = 2d  

under t h e  assumption of isothermal condi t ions and no r o t a t i o n .  

The equat ions are dimensionless such that :  

( 4 )  



. 
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The o r i f i c e  feeding i s  approximated by a l i n e  source a t  

(See Fig.  1): 
(=o 

where: 

To s o l v e  Eqs.(l) and (2)  with Eq. (5) as a boundary cond i t ion  a 

f i r s t  order  p e r t u r b a t i o n  s o l u t i o n  i s  employed. The a n a l y s i s  i s  

performed i n  two par ts :  a )  s t a t i c  load (d=O) and b) dynamic, 

angular  s t i f f n e s s .  

S t a t i c  Load (d=O 1 

To o b t a i n  a f i r s t  o rde r  pe r tu rba t ion  s o l u t i o n  set: 

Such tha t :  

S u b s t i t u t i n g  i n t o  Eqs. (l), (2) and (5) w e  get:  



( s ince  dpz=o ) t h r u s t  bear ing I d 

where m i s  given by Eq. (8) with P = P and 
0 i o,i 

The zero-order s o l u t i o n  is: 

where: 

-13- 

q H =  Q)'$ 
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Since  t h e  downstream feede r  ho le  pressure P 

and m i s  given by Eq. (8),  Eq. (25) may be solved f o r  P and, 
0 o , i  

hence, for 9. 

i s  given by Eq. ( 2 3 )  
i 

To o b t a i n  t h e  s o l u t i o n  f o r  POPl set: 

(26) pOP, = Hccose 

The s o l u t i o n  becomes: 

where: 
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Due t o  axial  symmetry POP2 i s  independent of 8 .  The s o l u t i o n  is: 

(37)  I L + X  

where: 

The r a d i a l  and a x i a l  load i s  obtained by in t eg ra t ion :  

Hence, t h e  dimensionless r a d i a l  and a x i a l  s t i f f n e s s  become: 
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The dimensionless t o t a l  mass flow is: 

o r  i n  a l t e r n a t e  form 
rs-- 

The a x i a l  displacement causes a change i n  flow through the  t h r u s t  

bearings: 

Dynamic Annular S t i f f n e s s  

L e t  t h e  j o u r n a l  perform v i b r a t i o n s  with angular  displacement 

and frequency CC, around the  concentr ic  p o s i t i o n  such t h a t  t h e  

dimensionless gas f i l m  th ickness  becomes: 

d 

R ir 
(52) j o u r n a l  bearing: c\ = 1 -  5, d e  COS8 

RZ 
(53) t h r u s t  bearing: hT= I+  r(%e'rB56J 

f o r  t he  r i g h t  hand p a r t  of t h e  bear ing i n  Figure 1. 

f i r s t  t h e  jou rna l  bear ing ,  a f i r s t  order pe r tu rba t ion  i n  d i s  

employed s e t t i n g :  

Considering 

i .e . ,  
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Introduce: 

and s u b s i t u t e  i n t o  Eq. (1) t o  get: 

a 6  
Since & = o  because of symmetry. The s o l u t i o n  of Eq. (56) i s  

given by Eqs.(22) and (23). Eq.(57) may be solved between t h e  

feeding planes: 

i .e . ,  

and P i s  given by Eq. (23) o i  

The boundary cond i t ion  f o r  Eq. (57) then becomes: 

o r  
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~ Eq. (57) may be written: 

where 

id 
(65) E = ) +  p, 
( 6 6 )  F = -99 - Q,+<) 

Eq. (64) may be integrated twice to get: 

, , In finite difference form Eq. (67) becomes: 
I 

where 

For computer calculations set: 

(71) H,,= s,, + i si, + (L,+ it;,,) tio 

(73) 



Then from Eqs.(22), (63) and ( 6 9 )  
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Thus t h e  c a l c u l a t i o n  procedure is: 

1) 

2) s e t  n=O and c a l c u l a t e  E q s .  ( 8 0 )  - ( 8 3 )  

3 )  advance n by 1 and repeat t h e  cycle  E q s .  (75) t o  ( 8 3 )  t o  

preset  pko,plo ---- tio, from E q s .  ( 8 4 )  - (89) 

n = m -.1. 

Having completed t h e  c a l c u l a t i o n  the  values  of H and of $! a t  

3 = F2 are: 

where H 

t h r u s t  bear ing  a s  shown l a t e r .  

must be determined by combining t h e  j o u r n a l  bear ing  wi th  
0 

The j o u r n a l  bear ing  moment i s  given by: 
rpr, 21 

M, = 2 pa ~~d .“I, J cos8 5, c/o 
0 

o r  i n  dimensionless form: 

the  

The f i r s t  i n t e g r a l  can beevaluated from E q .  (58). 

The second i n t e g r a l  i s  eva lua ted  by numerical i n t e g r a t i o n .  
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The t h r u s t  bear ing i s  t r e a t e d  analogous t o  t h e  j o u r n a l  bearing. 

f i r s t  o rde r  pe r tu rba t ion  i n  d i s  used: 
A 

i . e . ,  

Set:  

and s u b s t i t u t e  i n t o  Eq. (2) t o  get: 

and 6 is given by Eq. ( 4 ) .  The s o l u t i o n  f o r  P i s  given by Eq.(20) 

and (21).  The boundary condi t ions f o r  Eqs. (98) and (99) are: 
0 
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(105) r= I 

where 

H, = 0 

Let Eqs. (98) and (99) be written: 

Integrate Eq.(107) twice to get: 

In finite difference form: 

where: 

(113) nr = 
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For computer c a l c u l a t i o n s  set: 

Therefore : 

(125 )  
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To initiate the calculations set: 

I 
( 1 3 8 )  pro = z ~r r f r o  



The calculation procedure is : 

1) p r e s e t  P P; --- V according to Eqs. (138) to (144) 

2) set n=O and calculate Eq.(132) to (137) 

3) advance n by 1 and repeat the cycle of Eqs. (121 to (137) to 

ro, 10' r o  

n=m- 1. 

The calculation for lkrk l  is performed first and results in: 

i.e. , 

The calculation for b P C '1 yie lds :  

To determine H Eqs. (101) and (102) apply. Substituting from Eqs. (go), 

(91) ,  (147) and (148) gives: 
2 



Eqs. (149)  and (150) may be solved for Ho and H2. 
culated by back substitution for the complete bearing. 

bearing moment is given by: 

Hence, H can be cal- 
The thrust 

ZQ 
M = - L 3 P 'Q 93 '12 y\ n/ 0 - ?r P [ 6 I" CCAG r,As & 

j! 1, 
or in dimensionless form: 

The integrals are evaluated numerically. 

The total bearing moment is the sum of E q s .  ( 9 2 )  and ( 1 5 1 ) .  It may 

be expressed by: 

I 

where: 

( 1 5 4 )  cp = taP i i (W)  8r 

Hence, #) is the phase angle by which the moment leads the angular 

displacement. 

ir Since the angular displacement is deiT 
i.e., 

the angular velocity is iWdC 



Therefore, the angular spring coefficient K a and the angular 
damping coefficient Ba can be expressed by: 

The last equation may also be written: 

Eqs. (156) and (157) may be used to determine the response of the 

journal due to an external excitation. 
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1. 

2. 

-4 
d .  

4 .  

5. 

The combined h y d r o s t a t i c  j ou rna l - th rus t  bear ing  may be 

optimized i n  t h e  same way as the convent ional  j ou rna l  and 

t h r u s t  bear ing.  

For equal  flow t h e  combined jou rna l - th rus t  bear ing  has more 

angular  s t i f f n e s s  than i f  t h e  bearings were sepa ra t ed  and 

f ed  ind iv idua l ly .  

si~plified line ppdrce analysis gives too high stiffness 

values  but  p r e d i c t s  t h e  flow c o r r e c t l y .  The q u a l i t a t i v e  t r end  

of the  c a l c u l a t e d  va lues  agrees  with experience.  

The presented  dynamic a n a l y s i s  may be adapted t o  s t a b i l i t y  

c a l c u l a t i o n s .  One numerical  example i s  given, 

Resonant frequency and damping can be c a l c u l a t e d  from t h e  

presented  dynamic a n a l y s i s .  Hence, a v i b r a t o r y  response c a l -  

c u l a t i o n  may be performed. 
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RECOMMENDATIONS 

1. The a n a l y s i s  may be improved by e s t a b l i s h i n g  a n  equivalence 

between l i n e  source feeding and point source feeding. Such an 

i n v e s t i g a t i o n  should f i r s t  be performed on a s impler  config- 

u r a t i o n  ( f o r  i n s t ance ,  a t h r u s t  bearing) and then general ized 

t o  be adapted t o  t h e  p re sen t  configurat ion.  

2. The combined j o u r n a l - t h r u s t  bearing i n  connection with Mi l l i po re  

r e s t r i c t e d  feeding has a very l o w  flow consumption for t h e  a t t a i n e d  
stiffikess. TT---- nuwrver, even if the s t i f f n e s s  pe r  u n i t  of fiow has 

been g r e a t l y  reduced t h e  o v e r a l l  s t i f f n e s s  i s  probably too  low. 

Obviously, t h e  s t i f f n e s s  can be  increased by a l a r g e r  supply of 

flow b u t  i n  t h e  p re sen t  design i n s t a b i l i t y  sets a l i m i t .  Hence, 

i t  should be  i n v e s t i g a t e d  how t h e  design and t h e  feeder  re- 

s t r i c t i o n  may be modified t o  ensure h ighe r  s t i f f n e s s  without  i n -  

c u r r i n g  i n s t a b i l i t y .  
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APPENDIX A 

PN0109: "S t i f fnes s  and Flow of Hydrostat ic  Combined Journal-Thrust 

The IBM 1620 computer program PN0109 c a l c u l a t e s  t h e  s t a t i c  s t i f f n e s s  

and t h e  flow f o r  t h e  e x t e r n a l l y  pressurized combined j o u r n a l - t h r u s t  

bea r ing  shown i n  Figure 1. Note, t h a t  t h e  program assumes t h a t  t h e  

o u t e r  p o r t i o n  of t h e  t h r u s t  bear ing is a pocket w i th  uniform p res su re ,  

i .e. set C =oo i n  t h e  a n a l y s i s  and i n  Figure 1. 

B e l o w  follow t h e  i n s t r u c t i o n s  fo r  using t h e  program. 
Y 

INPUT 
CARD 1 (FORMAT 5-(1XE13.6)) 

The f i r s t  6 cards  could conveniently be considered a p a r t  of t h e  pro- 

gram deck i t s e l f .  

have they been made a p a r t  of t h e  input .  However, t h e  6 cards should 

always be  f i l e d  toge the r  w i th  t h e  program deck. 

6 ca rds  are only given once, i.e. only f o r  t h e  f i r s t  set of i npu t .  

They should n o t  be repeated.  

Only because changes may be d e s i r e d  occasional ly  

Note t h a t  t h e  f i r s t  

Word 1 This i s  t h e  r a t i o  of s p e c i f i c  h e a t s  k, i .e .  k = 1.4 f o r  a i r  

0' 
Word 2 t o  5 These a r e  4 experimentally evaluated c o e f f i c i e n t s :  a 

B,C and D used t o  e s t a b l i s h  an equation f o r  t h e  flow through t h e  

M i l l i p o r e  r e s t r i c t o r  as: 
D (V- R)(V-Pr + 6) 

laT P;+ -1 P, v- P; +a, 
Kc12 k p p  - 

where: 

M =  

dpT = 

m a s s  flow through one M i l l i p o r e  r e s t r i c t e d  
ho le ,  l b s - sec / in  

ambient pressure,  p s i a  

p re s su re  r a t i o  P /P 

supply p re s su re ,  p s i a  

downstream pressure divided by Pa 

e f f e c t i v e  flow area,  i n2  (evaluated from tes t  d a t a )  

(gas c o n s t a n t ) - ( t o t a I  temperature) ,  i n  /sec 

s a  

2 2 



Examples of values  of coe f f i c i en t s :  

NASA AB-5  
Sleeve 4 
62 ccm/min 
a t  AP= 15 , Pa= 

a =  1.183- 

a =  3.8918 

B =  1.406 

C ( p s i  )= ,1007 

D(Psia) = -.335 

0 

-1 

NASA AB-5  
Endplate N o .  2 
59 ccm/min 
a t  aP= 15 ,  Pa= 14.6 

1.161. 

3.859 

1.2674 

. io8 

NASA A B - 3  

32.5 ccm/min 
a t  m=15 ,Pa=14. 7 

.985. 

7.296 

2.088 

. io07 
- .40 -.335 

Since  both C and D have dimension i t  i s  a c t u a l l y  no t  poss ib l e  t o  

c a l c u l a t e  a dimensionless performance of t he  Mi l l i po re  bear ing  by 

t h i s  program. 

The only j u s t i f i c a t i o n  f o r  the given equat ion i s  t h a t  i t  f i t s  t h e  

experimental  da t a  very w e l l .  From a formal po in t  of view one would 

expect  t h e  Mi l l i po re  r e s t r i c t o r  t o  behave a s  a laminar r e s t r i c t o r  

such t h a t  t h e  flow could be wr i t ten :  

where 
l a = equiva len t  length of flow passages,  inch. 

and t h e  o the r  symbols a r e  explained above. 

t r i e d  and i t  was found t h a t  t h e  r a t i o  a / e  depends s t r o n g l y  on the  

ambient pressure .  Hence, t h e r e  seems no immediate advantage of 

abandoning t h e  f i r s t  equat ion.  

This express ion  has been 
4 

CARD 2 t o  6 (FORMAT 5-(1XE13.6)) 

These 5 cards  give 25 va lues  of t he  vena con t r ac t a  c o e f f i c i e n t  V.  V 

i s  assumed t o  be 1 f o r  t he  choked o r i f i c e .  For p re s su re  r a t i o s  l a r g e r  

than t h e  c r i t i c a l  r a t i o  v becomes a decreasing func t ion  of t h e  p re s su re  

t o  Pi/V=l i s  sub- r a t i o  P. /V.  

divided i n t o  25 d iv i s ions .  V i s  given a t  every po in t  s t a r t i n g  from the  
c r i t i c a l  The i n t e r v a l  from P./V = (Pi/V) 

1 1 

f i r s t  po in t  a f t e r  (Pi/~)arit ical  and with the  2 5 ' t h  va lue  a t  Pi/V=l.  

A s  an example the  l i s t  below gives  the vena con t r ac t a  c o e f f i c i e n t  a s  

eva lua ted  f o r  a NASA A B - 5  o r i f i c e  bear ing.  The Gas i s  a i r :  
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V 
pi ’i - - V 

V V 

V - pi 
V 

.547 15 

.56602 

.58489 

.60376 

.62263 

.54149 

.66036 

.67923 

.9985 

.9955 

.9915 

.987 1 

.9824 

.?776 

. Y 726 

.9675 

.69810 

.71697 

.73584 

.75471 

.77358 

-79244 
.81131 

.83018 

.9623 

.9570 

-9516 

.9460 

.9402 ’ 

.3341 

.Y276 

.9206 

.84905 

.86792 

.88679 

.90566 

.92453 

.94339 

.Y6226 

.98113 

1.00000 

~~ ~ 

.9130 

.9046 

.8950 

.8836 

.8690 
at.17 

.8105 

.7360 

.6000 

. V - r f  

The number of s i g n i f i c a n t  f i g u r e s  i s  not j u s t i f i e d  from t h e  test 

da ta  and se- only t h e  purpose of ensuring a smooth d e r i v a t i v e  

when used i n  t h e  program. 
‘3 

CARD 7 

Any text  may be given i n  column 2-52. This  ca rd  i s  used t o  i d e n t i f y  

t h e  p a r t i c u l a r  c a l c u l a t i o n .  

CARD 8 (FORMAT 6*(1XI4),13xE13.6) 

Word 1 i s  denoted NV. I f  a dimensionless c a l c u l a t i o n  i s  performed 

(i.e. MDIM=O) NV gives t h e  number of pressure r a t i o s  V i n  t h e  V - l i s t ,  

see l a t e r .  V i s  t h e  r a t i o  between supply and ambient p re s su re ,  both 

i n  ps i a .  In t h i s  ca se  N V S O .  I f  a c a l c u l a t i o n  with dimensions i s  per-  

formed (MDW-1) NV gives t h e  number of p a i r s  of Ps,Pa i n  t h e  V - l i s t . . .  

S ince t h e  V - l i s t  can t a k e  a maximum of 20  values  NV510 i n  t h i s  case. 

Word 2 i s  denoted IMB. It g ives  t h e  values of words i n  t h e  A - l i s t  

f o r  both types of c a l c u l a t i o n .  Note: LM-0. 
S 

Word 3 i s  denoted MDIM. It i s  used for  two purposes. I f  MDIM=O t h e  

c a l c u l a t i o n  i s  dimensionless and t h e  input  must be given accordingly.  
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I f  MDIM*:O t h e  c a l c u l a t i o n  i s  with dimensions. 

(see l a t e r )  gives va lues  of t h e  o r i f i c e  radius,a,whereas word 1, ca rd  10, 

gives t h e  r a d i a l  c l ea rance  C. I f  MD-1 t h e  A - l i s t  gives values  of C 

and word 1, ca rd  10, s p e c i f i e s  a .  This f e a t u r e  allows f o r  a convenient 

way of opt imizing t h e  bear ing s t i f f n e s s  (i.e. t o  o b t a i n  t h e  s t i f f n e s s  

as a func t ion  of e i t h e r  c learanceor  o r i f i c e  r ad ius )  without  an ex- 

cessive amount of i npu t  da t a .  

I f  MDIM=-l t h e  %-l is t  

5 

Word 4 If 0, t h e  feeding holes  are  o r i f i c e  r e s t r i c t e d .  If I ,  t h e  feeding ho le s  

are M i l l i p o r e  r e s t r i c t e d  

Word 5 The bear ing and t h e  feeder  hole flow are matched by a numerical 

i n t e r p o l a t i o n  a s  descr ibed i n  p r i n c i p l e  i n  t h e  a n a l y s i s ,  page . The 

d i f f e r e n c e  between t h e  two flows is ca l cu la t ed  s t e p  by s t e p  as a func t ion  

of t h e  p re s su re  r a t i o  ac ross  t h e  feeder.  When t h e  d i f f e r e n c e  changes s i g n  

a f i n a l  i n t e r p o l a t i o n i s  used t o  e s t a b l i s h  t h e  a c t u a l  p re s su re  r a t i o .  

s t e p s  i n  t h i s  c a l c u l a t i o n  w i l l  be given i n  t h e  output  i f  word 5 is  1. 

I f  t h e  word is  0 no such output  is given. Only i n  except ional  cases are 

t h e s e  r e s u l t s  of any value,  i .e .  i n  general  word 5=0. 

The 

Word 6 I f  0, one o r  more inpu t  cases  fol low t h e  p re sen t  one. I f  1, 

t h i s  i s  t h e  l a s t  set of input .  

Word 7 

which t h e  parameter $ is  m u l t i p l i e d .  

t o  1.0 which i s  t h e  gene ra l  case.  

i s  a "fudge" f a c t o r ,  denoted pressure c o r r e c t i o n  f a c t o r ,  by 

For no e f f e c t ,  se t  t h e  word equal  

As a f u r t h e r  exp lana t ion  i t  should f i r s t  be noted t h a t f  expresses  t h e  

s lope  of  t h e  o r i f i c e  flow ve r sus  o r i f i c e  p re s su re  r a t i o  r e l a t i o n s h i p  a t  

the  p re s su re  r a t i o  corresponding t o  t h e  concen t r i c  p o s i t i o n .  Since t h e  

a n a l y s i s  i s  based on t h e  assumption t h a t  t h e  displacement away from t h e  

concen t r i c  p o s i t i o n  i s  s m a l l  i t  i s  seen t h a t  t h e  magnitude of i s  an 

important f a c t o r  i n  determining t h e  c i r cumfe ren t i a l  p re s su re  v a r i a t i o n  

and, t h e r e f o r e ,  t h e  load.  When t h e  pressure r a t i o  ac ross  t h e  f eede r  
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becomse c l o s e  t o  1, $ becomes very l a r g e  and experience has ind ica t ed  

t h a t  t h e  o r i f i c e  equat ion  a s  used i n  t h e  p re sen t  program i s  not  accu ra t e  

enough. Hence, t he  program provides f o r  a c o r r e c t i o n  f a c t o r .  Under the  

above s t a t e d  condi t ions  a p re s su re  co r rec t ion  f a c t o r  of 2 has been used 

occas iona l ly  but  t h e  p r a c t i c e  lacks  any formal j u s t i f i c a t i o n .  

DIMENSIONLESS CALCULATION (MDIM=O) 

CARD 9 (FORMAT 5*(1XE13.6)1 

1 is r In --I---- r * ll-- 

t h e  jou rna l  diameter.  

ultu W L I G L C :  u1 is Gistii~rcr Lei-weei~ Leedi11g p h n e s  ad B is 

Word 2 i s  
i .e.  L2 - - 

Word 3 i s  
I 

I bearing.  

~ 

Word 4 i s  

L2/D where L 

L - L where L i s  the  o v e r a l l  journa l  bear ing  length .  1 

7 = R/R where R = D/2 and R is t h e  inne r  r ad ius  of t h e  t h r u s t  

i s  the  t o t a l  l ength  ou t s ide  t h e  feeding p lanes ,  2 

2 2 
Note = q *  1. 

Y =  R /R where R i s  the  inner  r ad ius  of t h e  t h r u s t  bear ing  1 2  1 
pocket. I f  i t  i s  d e s i r e d  t o  c a l c u l a t e  the jou rna l  bear ing  without  t he  

t h r u s t  bear ing  set  7 = 1 and q may have any value as  long a s  9 * 1. 

Word 5 i s  C /C where C i s  the  t h r u s t  bear ing c learance  and C i s  t h e  r a d i a l  

j ou rna l  bear ing  c learance .  
T T 

I f  no t h r u s t  bear ing  i s  des i r ed  s e t  C /C = 1. T 

Y-LIST (FORMAT 5'(1XE13.6)) 

The cards  making up t h e  V - l i s t  (maximum 4 c a r d s ,  5 words per  card)  g ive  t h e  

va lues  of t h e  p re s su re  r a t i o  V = Ps/Pa. 

P i s  t h e  ambient pressure ,  p s i a .  

P i s  the  s u p p l y  pressure ,  p s i a  and 
S 

a 

A -LIST (FORMAT 5.(1XE13.6)) 
S 

The A - l i s t  gives  the  values  of t he  feeding parameter As. With 5 words p e r  
S 

ca rd  a maximum of 4 cards can be given. A i s  def ined  as: 

A,= v - - 6.p NSVFF 
ps c3 

2 4 0 
where dpT i s  i n  / sec2 .  ( JdPT = 1.15-10 f o r  a i r  a t  70  F) 
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CALCULATION WITH DIMENSIONS (MDzM= ? 1) 

CARD 9 (FORMAT 5-(1xE13.6)) 

Word 1 gives  t h e  j o u r n a l  diameter D , inch 

Word 2 gives  t h e  l eng th  between feeding planes L inch  

Word 3 gives  L =(L-L1) where L i s  t h e  t o t a l  j o u r n a l  bear ing l eng th ,  inch. 

Word 4 g ives  t h e  i n n e r  r ad ius  of  the t h r u s t  bear ing pocket R 

1’ 

2 

inch. 1’ Noted: Rl+ D/2. 

W U L u  2 E j A v s a  t h e  inner  6L.-**m* LLILUDL L--.-’-- ueaLLu1; rad ius  R2’ inch. 

bea r ing  i s  not  wanted, s e t  R1 = R2 but such t h a t  Rlf D/2. 

If t h e  t h r u s t  T 1 e - d  C -:---- 

Note: R2* 0. 

CARD 10 (FORMAT 5-(1XE13.6)) 

Word 1 i s  used f o r  two purposes. I f  MDIM=-1, word 1 i s  t h e  r a d i a l  

j ou rna l  bear ing c l ea rance  Clinch. 

r ad ius  a ,  inch. 

Word 2 is  the  t h r u s t  bea r ing  clearance C inch. 

Word 3 i s  t h e  t o t a l  number of o r i f i c e s  (both feeding p l anes ) ,  denoted N.  

It i s  i n  f l o a t i n g  po in t .  

Word 4 i s  the  gas v i s c o s i t y  p, l b s - sec / in  

I f  MDIM=+l, word 1 is the  o r i f i c e  

An explanat ion i s  given i n  t h e  comments t o  t h e  As- l i s t  below. 

T’ 

2 

Word 5 i s  the  gas constant  t i m e s  t h e  t o t a l  temperature & T ,  inch. 

V-LIST (FORMAT 5*(1XE13.6)) 

The V - l i s t  gives t h e  p a i r s  of (P ,P ) where P i s  t h e  supply p re s su re ,  p s i a ,  

and P 

Since t h e  V - l i s t  can con ta in  a maximum of 20 i t e m s  a maximum of 10 p a i r s  

may be l i s t e d .  

s a  S 

i s  t h e  ambient pressure,psia , i .e . the l i s t :  PS’ Pa’ PsJ Pa’ --- a 

A -LIST (FORMAT 5*(1XE13.6)) 
S 

I f  MDIM=-1, t h e  A - l i s t  gives values of t h e  o r i f i c e  r ad ius  a ,  inch. I f  

MDIM=+l, t h e  l i s t  gives  values of t h e  r a d i a l  j o u r n a l  bear ing c l ea rance  C1 

inch. The purpose of t h i s  opt ion i s  t o  f a c i l i t a t e  design c a l c u l a t i o n s .  

S 



I n  t h e  i n i t i a l  design s t a g e s  most of t h e  bea r ing  dimensions a r e  given 

and i t  remains t o  select  e i t h e r  t h e  clearance o r  t h e  o r i f i c e  r ad ius  

such t h a t  t h e  bear ing i s  optimized, i . e .  t h a t  t h e  s t i f f n e s s  i s  maxi- 

mum f o r  t h e  given supply p re s su re .  Hence, t h e  A - l i s t  allows f o r  

c a l c u l a t i n g  t h e  s t i f f n e s s  as a funct ion of  e i t h e r  a o r  C with 

only, one set  of i npu t  data .  

S 

OUTPUT 

Ths oiltpiit --- verues 1 - -  are identified by t e x t  of which many is se i f - ex -  

p l ana to ry  except f o r  t h e  following comments: 

i s  t h e  dimensionless o r i f i c e  flow m see Eq. (8) where P.=P 1 

Note, t h a t  t he  t o t a l  bear ing flow %= Nna P m / (R T lbs - sec / in .  

POCKET PR i s  t h e  p re s su re  i n  the  t h r u s t  bea r ing  pocket divided by t h e  

ambient p re s su re .  

ORIF. PR. i s  Po,i 

ambient p re s su re ,  (concentr ic  j ou rna l ) .  

o , i .  
O' 2 

s o  

i .e .  t h e  o r i f i c e  downstream p res su re  divided by t h e  , 

V.C.COEFF i s  t h e  vena con t r ac t a  c o e f f i c i e n t  V used t o  c a l c u l a t e  m 

SLOPE i s  + as given by Eq. (19). 
0 

i s  B4 as given by Eq. (41) w i t h  C =oO H 
END INT i s  t h e  value of t h e  dimensionless i n t e g r a l  i n  Eq. (47) ( C H = o o )  

CTR INT i s  t h e  va lue  of A2 tanh s1/POyi i n  Eq. ( 4 7 )  ICH=-) 
LAND INT i s  t h e  value of t h e  f i r s t  i n t e g r a l  i n  Eq. (48) (CH=m) 

POCKET ZNT i s  the  value of t h e  second i n t e g r a l  i n  Eq. (48) (CH=oo) 

P1 gives  t h e  value of t h e  per turbed pressure P, a t  t he  o r i f i c e .  P 1 
defined by Eq. (9) and i s  made dimensionless with r e spec t  t o  Pa. 

va lue  of P 

which t h e  c a l c u l a t i o n  i s  v a l i d .  Since t h e  t o t a l  p re s su re  a t  t h e  o r i f i c e  

+ EP i s  P = Poi 

i s  

The 
- 

may be used t o  e s t ima te  the  maximum e c c e n t r i c i t y  r a t i o  f o r  1 

cose and t h e  pressure can n e i t h e r  exceed t h e  supply 1 i 
pres su re  nor go below t h e  ambient pressure,  then 

E =  max 

POi'l 

p1 

V'POi 

p1 

o r  

-37 - I 
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D1M.J-FRC is the dimensionless journal bearing stiffness by Eq. (47) 
D1M.T-FRC is the dimensionless thrust bearing stiffness by Eq. ( 4 8 )  

DIM.FWJ is the dimensionless mass flow q, see E4. (25). The total bearing 

flow can then be computed from Eq. (49). 
D(FLW) is the dimensionless flow change through the thrust bearings, 

see Eq. (51). 
PO/V is the pressure ratio across the orifice 

J-LOAD is the journal bearing load, l b s ,  for ~ = l  based on a linear 

load-displacement curve. 

J-STIFF is the  jor?r1111 hearing stiffness. I b s / i n .  

TH-LOADis combined thrust bearing load, lbs, at cT= 1 based on a linear 

load-displacement curve. 

TH-STIFF is the combined thrust bearing stiffness, lbs/in. 

WT.FLOW is the total bearing mass flow, lbs/sec. 

D(WT.FLW) is the change in mass flow through the thrust bearings, i.e. 

AM from Eq. (51), lbs/sec. 

- SCFM is the bearing flow in SCFM 

D(SCFM) is AM in SCF'M 
CCM/M is the bearing flow in ccm/min 

D(CCM/M) is AM in ccm/min. 

OPERATING INSTRUCTIONS 

The program is written in FORTRAN 1 fo r  the IBM 1620 computer, 40,000 

bits storage. The program deck does not include the subroutines. The 

input and output are given on cards. 
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INPUT FORM 

PN0109: "STIFFNESS AND FLOW OF HYDROSTATIC COMBINED JOURNAL- 
THRUST BEARING" 

Card 1 FORMAT 5-(1XE13.6) 

.1 k, R a t i o  of S p e c i f i c  Heats (k=1.4 f o r  a i r )  

.2 a. 

. 3 . B  
Mil l ipo re  c o e f f i c i e n t s ,  see inpu t  
instructions. These c o e f f i c i e n t s  not  

b u t  r equ i r ed  i n  i n p c t .  
___- 11SPd i_= the 9riEice Eesring ca?cn?ation 

4.C p s i  

5 . D  p s i  , 

Card 2 t o  6 FORMAT 5*(1XE13.6) 

These 5 ca rds  give t h e  25 values  of the vena con t r ac t a  c o e f f i c i e n t  

v such t h a t  vn a p p l i e s  a t :  

For d e t a i l s ,  see i n s t r u c t i o n s .  Note: Card 1-6 are only given wi th  f i r s t  

set  of  i npu t .  

P i  
( F ' c r i t i c a l  + ('-(?)critical )* L, 25 n=l--25. 

Card 7 Text, C o l .  2-52 

Card 8 FORMAT 6*(1XI4),  13XE13.6 
<20(for: v) 
5 l o ( f o r  pS ,pa) 

1. NV: NO. of p re s su re  r a t i o s v o r  aE p a i r s  of (Ps ,Pa). Nv - 
2. LMB: Number of A'S o r  of a/C i n  l i s t .  LMB 5 20 

3 .  MDIM: -1: A s - l i s t  is a ;  i t e m  1, Card 10 i s  C 
S 

0: Dimensionless c a l c u l a t i o n ,  A - l i s t  is  A 
S S 

+1: A - l i s t  i s  C; item 1, Card 10 i s  a 
S 

4 .  0: O r i f i c e  r e s t r i c t i o n  1: M i l l i p o r e  r e s t r i c t i o n  

5. 0: N o  output  of flow i n t e r p o l a t i o n  1: Output given of flow i n t e r -  

6.  0: More inpu t  follows 1: l a s t  set of  i npu t  

pola t ion.  

7 .  Pressure c o r r e c t i o n  f a c t o r .  I n  most cases equal  t o  1.0 
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DIMENSIONLESS CL.LCULATIOI 

(MDIM==O) 

Card 9 FORMAT 5-(1XE13.6) 

1. L1/D: Ra t io  of d i s t a n c e  between feeding 
planes over j ou rna l  diameter 

2. L /D: Ra t io  of t o t a l  l eng th  ou t s ide  feeding 
planes over j o u r n a l  diameter 

R 3 .  11 = - : Rat io  between j o u r n a l  r ad ius  and i n n e r  
R2 r ad ius  of t h r u s t  bear ing 

1% 'y - D /a . D - c ,  Le& __--_ - - - I - - &  --J:--- ---I * - - - -  
7 .  a - L - ~ ~ L L ~ .  L L a L L u  Y C L W C C L I  yuCntL LauLua a L i u  i i i r i e L  

radius of t h r u s t  bear ing 

5. C /C: Ra t io  between t h r u s t  bear ing clearance 
and r a d i a l  j o u r n a l  bear ing clearance 

V-LIST: FORMAT 5.(1XE13.6) 

L i s t  a s  many p res su re  r a t i o s  V as  given by NV, 5 values  p e r  card 

A -LIST FORMAT 5*(1XB13.6) 

L i s t  a s  many feeding parameter A as given by LMB, 5 values  per  card 
S 

CALCULATION W I T H  DIMENSIONS 

(MDIM=+ 1) 

Card 9 FORMAT 5-(1XE13.6) 

1. D: Jou rna l  d i a m e t e r ,  inch 

2. L1: Length between feeding planes,  inch 

3. L2: T o t a l  length o u t s i d e  feeding planes,  i nch  
(L2=Ltota1 -L 1 1 

4 .  R1: I n n e r  pocket r a d i u s ,  inch 

5. R2: I n n e r  t h r u s t  bear ing r a d i u s ,  inch 
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Card 10 FORMAT 5*(1XE13.6) 

1. I f  MDIM=-l: Item is  r a d i a l  j ou rna l  bear ing 
c l ea rance  C ,  inch. 

If MDIM=+l: I t e m  i s  o r i f i c e  r ad ius  a ,  inch. 

CT: Thrust  bearing c l ea rance ,  inch 2.  

3.  N: To ta l  number of feeding holes  

4 .  p: Viscos i ty ,  l b s - s e c / i n  

5. (R T: (Gas constant)  (Total  temperature) , l b s  - i n / l b s  . 
2 

V-LIST FORMAT 5 * (lXE13.6) 

L i s t  a s  many p a i r s  of (P P ) as given by NV, 5 words per  card.  Maximum 4 cards.  s a  

Ac-List  FORMAT 5.(1XE13.6) 

L i s t  a s  many words as given by LMB, 5 words per  card.  Maximum 4 cards.  

If MDIM=-l, t he  l i s t  means o r i f i c e  radius  a ,  inch 

I f  MDIM=+l, t he  l i s t  means r a d i a l  j ou rna l  bear ing c l ea rance  C ,  inch 
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APPENDIX B 

PN0135: Angular Dynamic S t i f f n e s s  of Hydrostat ic  Combined 
Journal-Thrust Bearing. 

The IBM 704 computer program PN0135 c a l c u l a t e s  t h e  dynamic angular  

s t i f f n e s s  and damping of t h e  e x t e r n a l l y  p re s su r i zed  combined jou rna l -  

t h r u s t  bea r ing  shown i n  Fig.  1. 

I n p u t  

The f i r s t  6 cards are as descr ibed i n  t h e  inpu t  i n s t r u c t i o n s  for PN0109. 

The format i s  (1P5E14.6). For a p a r t i c u l a r  c a l c u l a t i o n  t h e  f i r s t  6 cards 

a r e  only given as inpu t  once and no t  repeated i n  each following inpu t  set .  

Card 7 and 8 

Any t e x t  may be given i n  column 2-72. These cards  are used f o r  i d e n t i -  

f i c a t i o n  purpose. 

Card 9 FORMAT (815)) 

Word 1, 

Word 2, 

Word 3,  

Word 4 ,  

Word 5 ,  

Word 6 ,  

Word 7, 

Word 8, 

i s  NCTC, t h e  number of C /C - r a t i c s i n  t h e  C / C - l i s t ,  Fig.l.NCTC< 50. 
T T 

i s  NCH, t h e  number of C /C - r a t i o s  i n  t h e  C /C - l is t ,  Fig.l .NCs50. 

i s  WEE, t he  number of pressure r a t i o s  V i n  t h e  V - l i s t ,  NVEE550. 

i s  NLAM, t h e  number of feeding parameters As i n  t h e  As - l i s t .NW1OO.  

i s  NSIG, t h e  number of frequency numbers Q i n  t h e  0- l is t ;  NSIG.1100 

i s  NFD. I f  NFD=O, t h e  bear ing i s  o r i f i c e  r e s t r i c t e d .  I f  NFD=l, 

T H  T H  

t h e  bear ing i s  M i l l i p o r e  r e s t r i c t e d .  

i s  MT, t he  number of f i n i t e  d i f f e rence  subd iv i s ions  i n  both j o u r n a l  

hea r ing  and t h r u s t  bearing. MT=lO o r  even smaller should 

be adequate. -0 

i s  INP. I f  INP=O, one o r  more i n p u t  sets follow t h e  p re sen t  set. 

I f  NFD=1, t h e  present  i n p u t  set  is  t h e  las t  one. 

Card 10 (FORMAT (1P4E15.7)) 

Word 1, i s  L2/D. 

L i s  t h e  d i s t a n c e  between feeding planes. D i s  t h e  j o u r n a l  diameter.  

Note: L2/Df  0. 

L -L-L where L i s  the t o t a l  j o u r n a l  bea r ing  l eng th  and 2- 1 

1 
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Word 2 i s  L /D. L1/D may be zero  i f  t h e r e  i s  only a s i n g l e  feeding 1 
plane.  

i s  R/R 

i n n e r  t h r u s t  bear ing r ad ius ,  see Fig.  1 

Word 3 where R i s  the  jou rna l  r ad ius  (R=D/2) and R2 i s  the  2 
Note: R/R2* 1. 

Word 4 i s  R /R where R1 i s  t h e  inner  r ad ius  of t h e  pocket i n  t h e  1 2  
t h r u s t  bear ing.  I f  i t  i s  des i red  t o  c a l c u l a t e  t he  jou rna l  

bear ing  without  a t h r u s t  bear ing set  Rl/R2=1, R/R2 = 1.001 

and CT/CH = 50. 

C,/C-LIST (FORMAT (lP4E15.7)) 

Give a s  many va lues  of C /C as  s p e c i f i e d  by NCTC (word 1, card  9) 

4 va lues  per  card .  A maximum of 50 values i s  allowed. 

C i s  t h e  t h r u s t  bear ing  c learance  a t  the  land and C i s  the  r a d i a l  

j ou rna l  bear ing  c learance ,  s e e  Fig. 1; 

CT/CH-LIST (FORMAT 1P4E15.7)) 

T 

T 
Note: C T / C ) O .  

Give a s  many values  of C /C 

4 values  pe r  card.  A maximum of 50 values i s  allowed. 

C is  t h e  t h r u s t  bear ing  c learance  a t  the  land and C i s  t h e  c learance  
T H 

of t h e  pocket i n  the  t h r u s t  bear ing ( i .e .pocket  depth p lus  C T l y  see 

Fig.  1. 

as s p e c i f i e d  by NCH (word 2,cardg) 
T H  

Note: CT/CH # 0. 

V-LIST (FORMAT (1P4E15.7)) 

Give a s  many values  of t he  p re s su re  r a t i o  V a s  s p e c i f i e d  by WEE (word 3 ,  

ca rd  9) 4 va lues  p e r  card ,  'a maximum of  50 values  i s  allowed. 

V=Ps/Pawhere Ps i s  the  supply pressure ,  p s i a ,  and Pa is  t h e  ambient p re s su re ,ps i a .  

A .S -LIST (FORMAT 1P4E15.7)) 

Give a s  many va lues  of t he  feeding parameter A as  s p e c i f i e d  by NLAM 

(word 4,  card 9 ) ,  4 values  per  card .  A maximum of 100 values  i s  allowed. 

A = At/V s o  t h a t  

S 

6~ NaZKT 
S 

4= ' gc3 
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where: 
2 -9 p = gas v i s c o s i t y ,  l b s - s e c / i n  (p=2.83-10 f o r  a i r  a t  70°F) 

2 8 @ T  = (gas cons tan t ) (Tota l  temperature),  i n  / sec2  ( 4T=1.3$2-10 f o r  a i r  
a t  70 F i . e .  E= 
1 . 1 5 ~ 1 0 ~  f o r  a i r  a t  70°F) 

N = t o t a l  number of f.eeding holes ( inc ludes  both feeding planes)  

a = o r i f i c e  r a d i u s ,  i nch  

C = r a d i a l  j ou rna l  bear ing  c learance ,  inch 

Ps= supply p re s su re ,  p s i a .  

Give a s  many va lues  of t he  frequency number (5 a s  s p e c i f i e d  by N S I G  (word 5, 

card  9), 4 values  per  card.  A maximum of 100 va lues  i s  allowed. The f r e -  

quency number i s  def ined  as: 
12 m R 

d =  +(T) 
2 where: 

p = gas v i s c o s i t y ,  l b s - s e c / i n  

LD = v i b r a t o r y  frequency, rad/sec 

Pa= ambient pressure ,  p s i a  

R = j ou rna l  bear ing  r a d i u s ,  inch 

C = j ou rna l  bear ing  r a d i a l  c learance ,  inch 

OUTPUT 

The output  f i r s t  l i s ts  the  inpu t  of Card 9 and the  Mi l l i po re  and o r i f i c e  

c o e f f i c i e n t s .  The rea f t e r  follows the  r e s u l t s  of each c a l c u l a t i o n .  Each 

output  va lue  i s  l abe led  and an explana t ion  i s  given below except  where t h e  

d e s c r i p t i o n  i s  se l f -explana tory .  

L/D i s  t h e  r a t i o  of t o t a l  j o u r n a l  bear ing l eng th  t o  j o u r n a l  diameter ,  

L/D = L ~ / D  + L ~ / D  

ORIF.PR.RATI0 i s  the  p re s su re  r a t i o  across  t h e  o r i f i c e  P /V 
DIM-MOMENT is t he  dimensionless t o t a l  dynamic moment 

M 

"1 2 
MB/pD(Ps-Pa)L a) where 

i s  the  t o t a l  dynamic moment,lbs/in ( jou rna l  and t h r u s t  bear ing)  and CI i s  t h e  B 
angular  displacement,  r a d i a n s , s e e  Eqs. (152) and (153). 
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B PHASE ANGLE is t h e  angle,degrees,  by which the  t o t a l  dynamic moment M 

l eads  t h e  angular  displacement, i.e. i n  Eq. (154) 
DIM,STIFFNESS i s  t h e  dimensionless dynamic s t i f f n e s s  K&'LD(PS-Pa)L 2 ) 

DIM.DAMPING 1 i s  t h e  dimensionless damping uBl(-LD(Ps 1 -Pa)L2) where 

C 
where Ka i s  t h e  s t i f f n e s s  i n  lbs- in/rad,  see Eq. (156) 

C 
B i s  t h e  damping i n  lbs- in-sec/rad,  see Eq.(157) 

DIM.DAMPING 2 i s  another  form of t h e  dimensionless damping, namely 

B /(pL (E) ). 

sf freqzency P-xpl i r i ty .  Note, t h a t  fo r  c! = 0 t h i s  i t e m  i s  given the 

a r b i t r a r y  vaiue ze ro  which i s  i n  generai  i nco r recc .  i o  evaiuaire i;he 

damping a t  (T = 0, se t  u = .05 o r  some o the r  s m a l l  value.  

DIM.DPMPING 3 i s  aga in  another  form of t h e  dimensionless damping, namely 

B a N a 2 m / ( L  D (P -P )). s a  

D 1 M . J R N L . M  i s  t h e  dimensionless dynamic moment con t r ibu ted  by the  

jou rna l  bea r ing  M /(-LD(P -Pa)L a) where MJ i s  t h e  jou rna l  bear ing 

moment, l b s - i n ,  see Eq.(92) 

DIM.THR.m.1 i s  t h e  dimensionless dynamic moment con t r ibu ted  by t h e  

t h r u s t  bea r ing  M&D(Ps-Pa)L a) where 3 i s  t h e  t h r u s t  bea r ing  moment, 

l b s - in ,  see Eq. (151). Note: t h e  moment de r ives  from two t h r u s t  bear ings.  

DIM.THR.MMT.2 i s  another  form of t h e  dimensionless t h r u s t  bear ing moment, 

namely %/(- S ( R  -R )(P -P )RCX), t o  f a c i l i t a t e  comparison wi th  previously 

obtained t h r u s t  bea r ing  c a l c u l a t i o n s .  

JRNL. PHASE ANG i s  t h e  phase angle  by which t h e  j o u r n a l  bea r ing  moment M 

leads t h e  angular  displacement 

THR.PHASE ANG is  t h e  phase angle  by which t h e  t h r u s t  bear ing moment 

l eads  t h e  angular  displacement,  i.e. analogous t o  ( p i n  Eq. (154). 

Q i s  t h e  flow parameter q 9  see Eq. (25). It may be used t o  c a l c u l a t e  t h e  

t o t a l  m a s s  flow: 

a 

3 R 3  The advantage of t h i s  form i s  t h a t  i t  i s  independent a 

3 3  The s a m e  comments a s  above apply.  

1 2 
J C  S 

1 2 

1 2 2  2 
2 2  s a l  cT 

J 
i.e. analogous t o  8 i n  Eq. (154). 

% 

where (RT is  i n  inch ( &T= 342,500 i n .  f o r  a i r  a t  70°F) 



DIM.FLOW is another form of the dimensionless flow. It is actually the 
dimensionless orifice mass flow m see Eq. (8). Hence, the total mass 

O9 
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flow becomes: 

9fl is the pocket flow parameter q see Eq. ( 2 4 )  H P  
=is the thrust bearing land flow parameter q see Eq. ( 2 4 )  T' 
ORIF-FLW-FCT is the orifice flow-pressure parameter y ,  see Eq. (19) 

VENA CONTR. is the vena contracta coefficient. For the Millipore restriction 

it is set equal to zero. 

A- RF(EQ) is &!He! 
4 t  1 IM(H0) is * L k J  

RE(H2) is dhlb] 
IM(H2) is k[Q,l 
RE(H2P) is @L{H;), see Eq. ( 1 0 6 )  and (146)  

IM(H2P)is %{hi), see Eq. (106 )  and (146) 

In general, the only results of interest are the dynamic stiffness and 

the damping coefficient. 

see p.4- (62) and (lb9)-(150) 

see Eq. (62j and (i49j-j i50) 

see Eq. ( 1 0 6 )  and (149>(150) 

see Eq. (106 )  and (149 ) - (150 )  

OPERATING INSTRUCTIONS 

The program is written in FORTRAN 2 for the IBM 704 computer with 32,767 

word storage. Input is on cards and output is given on tape 3 .  The program 

does not use sense switches. However, the MTI-deck is compiled at LSTG8G, i.e. 

sense switch 1 and 2 down. The final stop is at 5/53, . The computer 

time may be estimated from 

Time = 2.NCTC.NCH.NVEE.NLAM.NSIG seconds 

This estimate is based on -10. In addition, allow approximately 1 minute 
for reading in the program deck. 
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INPUT FORM 

PNO135: "ANGULAR DYNAMIC STIFFNESS OF HYDROSTATIC COMBINED JOURNAL- 
THRUST BEARING f o r  IBM 704 Computer 

Card 1 FORMAT (1P5E14.6) 

1. k, Rat io  of s p e c i f i c  hea t s  

Mi l l i po re  c o e f f i c i e n t s ,  see i n p u t  i n -  

required i n  t h e  inpu t  

s t r u c t i o n s .  These c o e f f i c i e n t s  do n o t  
apply for o r i f i c e  c a l c u l a t i o n  b u t  i s  

5. D/P, 
u 

Card 2-6FOWT (1P5E14.6) 

These 5 ca rds  give 25 values  of t he  vena con t r ac t a  c o e f f i c i e n t  V such 
P i  n t h a t  vn a p p l i e s  a t :  (pcritical + ( l-(p)criticaJ 2 5 9  n=1,2---25. 

For details, see i n s t r u c t i o n s .  

Card 7 Text Col. 2-72 

Card 8 Text Col. 2-72 

Card 9 FORMAT (815) 

1. NCTC, number of C /C-values i n  C /C-List ,NCTCS50 

2. NCH, number of C / C  -values i n  CT/Cd-List.NCH<50 

3. WEE,  number of V-values i n  V - l i s t ,  WE650 

4. NLAM, number of A Values i n  As - l i s t .  N L A M I  100. 

5. NSIG, number of a-values i n  a - l i s t ,  NSIG<100 

6 .  NFD. NFD=O, Orif ice  r e s t r i c t i o n .  NFD.1, M i l l i p o r e  r e s t r i c t i o n  

7. MT. number of f i n i t e  d i f f e r e n c e  subdivis ions.  M W O  

8. 0: More inpu t  follows 1 : l a s t  i npu t  set  

T T 

T H  

S 

Card 10 FORMAT (1P4E15.7) 

1. L /D .Ra t io  of j ou rna l  bear ing l eng th  o u t s i d e  
feeding planes t o  jou rna l  diameter.  

2. L1/D.Ratio of l eng th  between feeding planes 
t o  journal  diameter 

2 
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3. R/R 

4. Rl/R2 

R a t i o  of journa l  r ad ius  t o  inner  r ad ius  
of ghrus t  bearing. 

r ad ius  of t h r u s t  bear ing.  
Rat io  of inner  pocket rad ius  t o  inne r  

CT/C-List FORMAT (1P4E15.7) 

L i s t  a s  many C /C-values as s p e c i f i e d  by NCTC, 4 values  per  card.  T 
CT/C + 0. 

L i s t  as many C / C  -values  a s  s p e c i f i e d  by NCH, 4 values  p e r  card.  C /C 0. 
T H  T H  

V - L i s  t FORMAT (1P4E15.7) 

L i s t  a s  many p res su re  r a t i o s  V=P /P as s p e c i f i e d  by WEE,  4 values  p e r  card.  s a  

A - L i s t  FORMAT (1P4E15.7) 

L i s t  a s  many feeding parameters A as s p e c i f i e d  by NLAM, 4 values  per  ca rd  

S 

s 

a - L i s t  FORMAT (1P4E15.7) 

L i s t  as many frequency numbers 0 as  s p e c i f i e d  by NSIG, 4 va lues  p e r  card 
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Fig. 1 

GEOMETRY OF COMBINED JOURNAL-THRUST BEARING 



RADIAL CLEARANCE C INCH 
10-3 

FIG. 2 NASA AB-5 MILLIPORE COMBINED JOURNAL-THRUST BEARING 



I x 10: 

I 104 

DIAMETER D =2.1625 IN. 
LENGTH L = 1.977 IN. 

FEED. PLANE DIST. LI = 1.253 IN. 
INNER RADIUS R2= .65 IN. 

INNER POCKET RADIUS RI = .86 IN. 
1 A P  = I O  PSI 
' AMBIENT PRESSURE k=14.7 PSlA 

.2 5 50 .7 5 1.0 1.25- 10-3 
RADIAL CLEARANCE C INCH 

FlG.3 NASA AB-5 MILLIPORE COMBINED JOURNAL- THRUST BEARING 
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I 

I 
I 

- DIAMETER D = 2.1625 IN. 
LENGTH L = 1.977 IN. 

I 

FEED PLANE DIST LI = 1.253 IN. 
INNER RADIUS R2 = .65 IN. 

INNER POCKET RADIUS RI = .86 IN. 
AP =15PSI 

AMBIENT PRESSURE P, =14.7 PSlA 

I n  

I x  

2 x  

RADIAL CLEARANCE C INCH 

FIG.4 NASA AB-5 MILLIPORE COMBINED JOURNAL - THRUST BEARING 
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FIG. 5 NASA AB-5 MILLIPORE COMBINED JOURNAL -THRUST BEARING 



I 
I LENGTH L = 1.977 IN. 

I 

I 
FEED PLANE DIST. LIZ 1.253 IN. I 

INNER RADIUS R2= .65 IN. 
INNER POCKET RADIUS R I =  .86 IN. 

--A AP = IO PSI ---I AMBIENT PRESSURE Po= 14.7 PSIA 
! 
1 
I 
f 

50 .75 I .o I .2 10-3 

FlG.6 NASA AB- 5 MILL1 PORE COMBINED JOURNAL-THRUST BEARING 



=I= 
CT/C = I.! 

DIAMETER D =2.1625 IN. 
LENGTH L = 1.977 IN. 

FEED. PLANE DIST. LI = 11253 IN. 
INNER RADIUS RE' .65 IN. 

ER POCKET RADIUS RI = .86 IN. 

PRESSURE Pa = 1.4.7 PSlA 
AP = 15 PSI 

. -. ~~. .. . . ~ 
- ~ 

.25 50 .7 5 I .o 
RADIAL CLEARANCE C INCH 

a 
I.( 

0.f 
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FIG. 7 NASA AB- 5 MIL LIPORE COMBINED JOURNAL-THRUST BEARING 
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IO'! 
. I  

/ 

AP= 15 PSI 

FIG8 BEARING DATA FOR EQUAL RADIAL AND 
AXIAL STIFFNESS (RADIAL AND AXIAL 
CLEARANCES EWeL ) 

I 

I 

I 

1 - 
1 .7 5 .a 

I - i 
AP= IO PSI 

I I 

AP= 5 PSI 

AP = 
. 

- 5 -  

15 
' IO 

AP= 5 PSI 
I I I 

1 .8 5 .90 .95 I .  
INNER POCKET RADIUS RI - INCH 



NOMENCLATURE 

a = Orifice radius, inch 

a B,C ,D= Millipore coefficients 
0’ 

Ba 

cH 

cT 

C 

D 

h 

hT 
‘a 

‘a 

Kr 

k 

L 

L1 

L2 

5c 
MJ 

yr 
MB 

M 

m 

m 

N 

P 

0 

= Angular damping coefficient, 

= Radial journal bearing clearance, inch 

= Clearance in thrust bearing pocket, inch 

= Clearance at thrust bearing land, inch 

= J n y r ~ a l  hear ing  diameter:  inch 

= Filmthickness divided by radial clearance 

= Thrust bearing filmthickness divided by C 

= Axial stiffness, lbs/inch 

= Angular stiffness, lbs-inchfrad. 

= Radial stiffness, lbs/inch 

= Ratio of specific heats 

= Journal bearing length, inch 

= Distance between feeding planes, inch 

= L-L1, i.e.length outside feeding planes, inch 

= Mass flow, lbs-sec/in. 

= Total mass flow, lbs-sec/in. 

= Dynamical journal bearing moment, lbs-in. 

= Dynamical thrust bearing moment, lbs-in. 

= Total dynamical moment, lbs-in. 

= Dimensionless orifice flow, Eq. (8) 

= Dimensionless orifice flow in concentric position 

= Total number of feeding holes 

= Gas film pressure, atm. 

lbs -in-sec/rad 

T 
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a 



= Ambient pressure, psia 

= Supply pressure, psia 

= Film pressure for concentric position divided by P 

= Pressure due to radial displacement, divided by Pa 

= Pressure due to axial displacement, divided by P p2 a 

= Downstream orifice pressure, divided by Pa 'i 

= Downstream orifice pressure for concentric position,divided by P 'oi a 

q = Dimensionless flow parameter 

'a 

pS 

PO a 

= Dimensionless flow parameter for thrust bearing pocket 

= Dimens iDnless flow parameter for thrust bearing 

qH 

qT 
R = Journal radius, inch 

= Inner pocket radius, inch R1 

= Inner thrust bearing radius, inch R2 
2 2  & T = (Gas Constatn)(Total temperature) , in /sec 

r 

t = Time , seconds 

= Radial coordinate for thrust bearing, divided by R2 

v = pS/pa9 pressure ratio 

'a 

'r 

a = Angular displacement, radians 

= Axial load, lbs. 

= Radial load, lbs. 

a,  I3 = Coefficients given by Eq. (60) and (61) 

Y = R ~ / R ~  

E = Journal bearing eccentricity ratio 

T = Axial displacement divided by C T E 
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Axial coordinates for journal bearing, divided by R. See Fig. 1 

R/R, 

Circumferential angular coordinate, radians 

Feeding parameter ,see Eq. (6) 

2 Gas viscosity, lbs-sec/in 

Vena contracta coefficient 

Frequency number, see Eq. (3) 

= a t  

= Orifice parameter, see Eq. (19) 

= Frequency, radlsec 


